CONVERSION FACTORS AND VERTICAL DATUM
The water quality of Left Cascade Spring is dominated by calcium and bicarbonate ions with low concentrations of inorganic constituents and dissolved solids. Two volatile organic compounds (1.3 micrograms per liter of 1,2-transdichloroethene and 0.2 micrograms per liter of trichloroethylene) were detected in a recent analysis of water from Left Cascade Spring.
INTRODUCTION
Cascade Springs, two distinct springs of approximately equal discharge, are located 3.5 miles north of Tullahoma in western Coffee County, Tennessee. Right Cascade Spring is unused, but Left Cascade Spring is the sole source of water for the Wartrace Water System. In 1989 the Wartrace Water System supplied 0.52 million gallons of water per day to the Town of Wartrace, 14 miles northwest of Tullahoma, and to a local whiskey distillery (Hutson, 1991) . Nevertheless, little was known about the recharge area of the springs, the characteristics of the local aquifers, or the water quality of the springs. Historical discharge data for the springs were also minimal. A recent water-quality analysis of Left Cascade Spring detected low concentrations of two volatile organic compounds and raised concerns about possible nonpointsource pollution to the recharge area of the spring.
The U.S. Geological Survey (USGS), in cooperation with the Town of Wartrace, conducted a hydrogeologic investigation of the Cascade Springs area from September 1991 to May 1992. The objectives of the investigation were to describe the hydrogeology of the Cascade Springs area, to identify the recharge area of the springs, and to describe the water quality.
Purpose and Scope
This report presents the results of the hydrogeologic investigation of the Cascade Springs area. Topics discussed include: aquifers in the study area, the potentiometric surface of two major aquifers in the Cascade Springs area, recharge areas and ground-water flow, and the water quality of Left Cascade Spring.
Hydrogeologic data collected during this study included water-level measurements at 41 domestic wells. Water-levels were measured in October 1991, during low water-table conditions, and in February and April 1992, during high water-table conditions. Most of the wells measured were located within a 2-mile radius of the springs, although additional water-level measurements were made throughout the study area. Natural gamma-ray and caliper geophysical logs were also run in 3 of the 41 domestic wells. Because the Chattanooga Shale is considered a regional confining unit, only the aquifers above the Chattanooga Shale were studied for this investigation. The discussion of water quality of Left Cascade Spring is based on three water samples collected before this investigation.
Description of Study Area
The Cascade Springs study area encompasses approximately 21 mi2 in Coffee and Moore Counties ( fig. 1 ). The study area is bordered to the north by Normandy Lake and the Duck River and to the east by Carroll Creek. The southern boundary of the study area runs through the city of Tullahoma, extending approximately 3 miles west of the city. The lower reach of Norman Creek forms the northwestern boundary. Tullahoma, population 18,500, is a major business and residential center in the area. Land use west and north of Tullahoma is mostly rural residential.
Physical Setting
Left and Right Cascade Springs discharge at an altitude of approximately 990 feet above sea level from the escarpment of the Highland Rim. The steeply sloped escarpment, which borders the study area on three sides, separates two physiographic provinces: the Central Basin to the northwest of the study area and the Highland Rim to the southeast. The Central Basin is mostly flat to gently rolling with occasional high knobs formed by remnants of the Highland Rim. In the study area, the Highland Rim lies more than 200 feet above the Central Basin, at an altitude of about 1,070 feet. Atop the Highland Rim, the terrain is flat to gently rolling with poorly defined stream channels. West of Tullahoma, the dense soil of the Highland Rim is poorly drained, resulting in a wetland area known as the Barrens.
Left Cascade Spring, one of many springs which discharge along the escarpment of the Highland Rim, has been used as a public water supply since the early 1950's. Nevertheless, few discharge measurements exist for Cascade Springs. In 1933, Left and Right Cascade Springs had a combined discharge of approximately 1,500 gal/min after a 60-day period of little or no rainfall (Burchett, 1977 The Cascade Springs study area receives a mean annual rainfall of 54.7 in/yr. The largest mean monthly rainfall occurs during December through March; the least occurs from August through October (National Oceanic and Atmospheric Administration, 1980).
Geologic Setting
In the Cascade Springs study area, Wilson (1970a,b) (Burchett, 1977) . The Chattanooga Shale is a fissile, grey-black, carbonaceous shale, approximately 30 feet thick in the study area. The Fort Payne Formation is a siliceous limestone containing dense chert beds. On the Highland Rim, the Fort Payne Formation contains less than 50 percent calcium carbonate. The upper, weathered section of the Fort Payne Formation exists as chert gravel and rubble. This residuum ranges in thickness from less than 20 feet at a distance of 4 to 6 miles away from the Highland Rim escarpment to 100 feet near the edge of the escarpment. The Warsaw Formation is present only in the southern end of the study area and has been completely weathered to a clay residuum (Burchett, 1977) . Wilson (1970a,b) mapped in detail the geology of the Normandy and Ovoca 7-1/2 minute quadrangles and summarized the mineral resources of those areas. Theis (1936) described the ground-water resources of south-central Tennessee. Smith (1962) outlined the groundwater resources and municipal water supplies of the Highland Rim. The water resources of the upper Duck River basin were described by Burchett (1977) . Zurawski (1978) developed conceptual models of ground-water flow in the Highland Rim. Brahana and Bradley (1986) described the Highland Rim regional aquifer system. Haugh and Mahoney (1994) described the hydrogeology and water-quality of the Highland Rim aquifer system at Arnold Air Force Base.
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HYDROGEOLOGY OF THE CASCADE SPRINGS AREA
Two regional ground-water systems exist in the Cascade Springs area: the Highland Rim aquifer system and the upper Central Basin aquifer system. These systems are separated by the Chattanooga Shale, considered a regional confining unit (Brahana and Bradley, 1986) . The hydrology of the Highland Rim aquifer system in the study area is complex because the aquifers are in a highly dissected area of the Highland Rim. Springs located on the escarpment near the top of the Chattanooga Shale drain the overlying aquifers and cause steep potentiometric gradients behind the escarpment.
The upper Central Basin aquifer system, below the Chattanooga Shale, is not a productive water-bearing unit in the study area. Waterquality analyses from wells at Arnold Air Force Base, located 1 mile east of Tullahoma, indicate that ground water from the upper Central Basin aquifer system is chemically distinct and isolated from the aquifers overlying the Chattanooga Shale (Haugh and Mahoney, 1994) . Because the Chattanooga Shale is considered the base of the hydrologic system of interest, only aquifers above the Chattanooga Shale are considered further in this report.
Aquifers
Two major aquifers, the Manchester and the Fort Payne aquifers, contribute ground-water flow to Cascade Springs ( fig. 3) . A third aquifer of minor significance in the study area overlies the Manchester aquifer. This is the shallow aquifer composed of clay, silt, sand, and some chert rubble. This unit is poorly productive and contains the water table, which is sometimes perched. Only hand-dug wells are completed in the shallow aquifer in the Cascade Springs area.
The Manchester aquifer is composed of unconsolidated well-sorted chert gravel with minimal clay content and the upper, well-fractured interval of the Fort Payne Formation that contains interconnected solution openings. The fractured bedrock in the upper Fort Payne Formation has been observed nearby at Arnold Air Force Base (E.N. Mahoney, USGS, oral commun., 1992). However, this investigation could not confirm the presence of this well-fractured interval in the Cascade Springs area. With time, the movement of ground water through the residuum has left in place a highly productive aquifer of chert gravel. Most domestic wells completed in the Manchester aquifer within the study area are screened at the residuum-bedrock contact. The Manchester aquifer is semi-confined in areas where clay and silt from the near-surface residuum above act as a leaky confining unit. the gamma-ray log in fig. 4 . Bedding-plane openings have also been observed at the discharge points of Right Cascade Spring at the contact between the Fort Payne Formation and the Chattanooga Shale. Ground water in the Fort Payne aquifer is recharged by the Manchester aquifer and discharges through springs along the Highland Rim escarpment ( fig. 3 ).
In the study area, most domestic wells yield ground water from the Manchester aquifer at the interface between the residuum and bedrock. Based on drillers' logs from 24 wells, the waterbearing zone was reported to be at the top of bedrock in 67 percent of the wells. In 21 percent of the wells the water-bearing zone was reported to be immediately above the Chattanooga Shale in the Fort Payne aquifer. The driller's logs reported water-bearing zones at both intervals in 12 percent of the wells.
Well yields in the Cascade Springs area ranged from 1 gal/min to 60 gal/min. Drillers' logs reported the greatest yields for wells completed in the Manchester aquifer. The average yield of Manchester wells was 19 gal/min, whereas yields of wells completed in the Fort Payne aquifer averaged 6 gal/min. For those wells screened in both aquifers, the average yield was 7 gal/min. Of 36 domestic wells for which the depth to bedrock was reported, the minimum depth was 45 feet. Average depth to bedrock was 81 feet, and west of Tullahoma and near Cascade Springs, bedrock depth exceeded 100 feet.
Recharge and Ground-water Flow
Recharge to the aquifers occurs primarily by the infiltration of precipitation. To delineate the recharge area and determine the directions of ground-water flow in the study area, water levels were measured at 41 domestic wells within a 3.5-mile radius of Left Cascade Spring ( fig. 5 ). Water-level measurements were made in October 1991, February 1992, and April 1992 to determine the potentiometric surface altitudes and directions of ground-water flow during dry and wet periods of the year (table 1) . Additional wells were located after the October 1991 waterlevel measurements to improve the data distribution. The well-construction data presented in table 1 were obtained from a combination of sources, including drillers' logs, well owners, and field inspection.
Using the April 1992 water-level data, the most comprehensive data set, two potentiometric surface maps were constructed representing the Manchester and the Fort Payne aquifers (figures 6 and 7). Although water levels were measured in 29 wells during April 1992, several measurements northeast and west of Cascade Springs were omitted from the potentiometric surface maps because of their distance from the apparent recharge area. The potentiometric surface map of the Manchester aquifer shows potentiometric highs east and southeast of Cascade Springs. A potentiometric trough, separating the highs, lies in a zone of increased residuum thickness southeast of Cascade Springs. The potentiometric surface map of the Fort Payne aquifer shows steep hydraulic gradients near the Highland Rim escarpment. The highest potentiometric heads in the Fort Payne aquifer occur southeast of Cascade Springs. The ground-water divides in the Fort Payne aquifer cannot be defined because of the limited number and inadequate distribution of wells completed in the Fort Payne aquifer.
In the Cascade Springs study area, potentiometric heads in the Manchester aquifer were generally higher in altitude than heads in the Fort Payne aquifer, indicating a recharge area. During the study, large potentiometric head differences between the two aquifers were observed along the ridge northeast of Cascade Springs and northwest of Tullahoma. In these two areas, the potentiometric heads of wells completed in the residuum of the Manchester aquifer were 36 to 80 feet higher than the heads of nearby wells completed in the Fort Payne aquifer. Such substantial potentiometric head differences are likely caused by dense, poorly fractured chert beds in the Fort Payne Formation that impede the downward flow of ground water from the No significant differences in water levels were observed between February and April 1992, but an average 4-foot difference was observed for the same wells between October 1991 and both February and April 1992. The greatest seasonal water-level differences were observed in wells completed in the Manchester aquifer.
The recharge area boundary for the Manchester aquifer was estimated from the groundwater divides determined from the potentiometric surface map. The estimated Cascade Springs recharge area for the Manchester aquifer encompasses approximately 1 mi2. Because of limited potentiometric data, the recharge area for the Fort Payne aquifer cannot be delineated.
The extent of the recharge area for a spring with a known discharge can be estimated using assigned recharge rates for the area. Spring flow measurements for Cascade Springs, however, are severely limited. For the purpose of estimating the Cascade Springs recharge area, the 1933 combined flow measurement of 3.34 ftVs (approximately 1,500 gal/min) was used. Based on a range of recharge rates from 6 to 10 in/yr (Hoos, 1990) , the recharge area should encompass between 4.5 and 7.6 mi2. These computations imply that the recharge boundary for the Manchester aquifer delineated here represents only a part of the actual recharge area for Cascade Springs. Additional recharge could be occurring farther to the south through the Fort Payne aquifer. To delineate accurately the entire recharge area, additional wells, seepage run data, and improved spring discharge measurements are required.
Water Quality
Three water-quality samples were collected at Left Cascade Spring from 1975 to 1990. These were analyzed for major ionic constituents and physical properties, and two samples were also analyzed for volatile organic compounds (table 2) . No additional water samples were collected for this investigation.
General measures of water quality include specific conductance, dissolved solids, alkalinity, and hardness. Specific conductance of Left Cascade Spring ranged from 80 to 87 /*S/cm, and dissolved solids ranged from 36 to 48 milligrams per liter (mg/L). At Arnold Air Force Base (AAFB), the median value for specific conductance in the Manchester aquifer was 87 /*S/cm compared to 1,635 /*S/cm in the Fort Payne aquifer. The median values for dissolved solids in the Manchester and Fort Payne aquifers at AAFB were 48 mg/L and 1,235 mg/L, respectively (Haugh and others, 1992) . Alkalinity of the Left Cascade Spring samples ranged from 30 to 32 mg/L as calcium carbonate, and hardness ranged from 36 to 41 mg/L as calcium carbonate. On the Highland Rim, water from the chert residuum of the Manchester aquifer typically ranges from 10 to 50 mg/L in hardness; yet, hardness can approach 350 mg/L or more in water from the Fort Payne aquifer (Burchett, 1977) .
The water quality of Left Cascade Spring implies that most of the spring flow is derived from the Manchester aquifer. However, significant spring discharge from the Fort Payne aquifer is suspected on the basis of potentiometric heads. In the Cascade Springs study area, ground-water circulation through fractures of the Fort Payne aquifer could be rapid enough to minimize dissolution. Also, near the Highland Rim escarpment, the Fort Payne Formation is highly weathered, and the soluble part of the Fort Payne aquifer could be mostly dissolved. Extensive chemical weathering would leave only insoluble chert beds in the Fort Payne aquifer, forming an aquifer matrix similar to the Manchester aquifer.
Overall, the spring water contains predominantly calcium and bicarbonate ions. The samples contained low concentrations of most inorganic constituents, including nitrogen, phosphorous, and trace metals. Of the inorganic constituents and properties for which the Tennessee Department of Environment and Conservation Tri-
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<0.20 <5.0 (1991) has established primary or secondary drinking water standards, only pH and manganese sometimes exceeded the recommended limits in the raw water samples. The pH of the spring water ranged from 6.1 to 6.4 units, and manganese was detected at levels between less than 1 and 60 micrograms per liter (/>tg/L).
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The most recent water-quality analyses detected small amounts of two volatile organic compounds: 1.3 /xg/L of 1,2-transdichloroethene and 0.2 /xg/L trichloroethylene. These concentrations are below the U.S. Environmental Protection Agency maximum contaminant limits for drinking water of 100 /xg/L 1,2-transdichloroethene and 5 /xg/L trichloroethylene. More sampling is required, however, to confirm the continued presence of contaminants and to evaluate any changing conditions.
SUMMARY
Cascade Springs, two large springs of roughly equal discharge, are located on the escarpment of the Highland Rim immediately above the Chattanooga Shale. The town of Wartrace relies upon Left Cascade Spring as its sole source of water.
Ground-water flow in the study area is influenced by characteristics of the Manchester and the Fort Payne aquifers. The Manchester aquifer consists of a zone of well-sorted, unconsolidated chert gravel with minimal clay content and the upper, well-fractured interval of the Fort Payne Formation. It is a highly productive aquifer that supplies water to most domestic wells in the study area. The Fort Payne aquifer consists of dense, cherty limestone. Ground-water flow in the Fort Payne aquifer occurs through fractures and solution-enlarged horizontal bedding planes just above the Chattanooga Shale. The Fort Payne aquifer is recharged by the Manchester aquifer. In poorly fractured areas where the dense, cherty limestone of the Fort Payne Formation impedes the downward flow of ground water from the Manchester aquifer, large potentiometric head differences between the two aquifers can occur. The Fort Payne aquifer discharges through springs along the Highland Rim escarpment.
Two potentiometric-surface maps based on April 1992 water-level data were constructed to determine the directions of ground-water flow and to delineate the recharge areas for the Manchester and the Fort Payne aquifers. According to these maps, recharge to Cascade Springs occurs primarily to the southeast of the springs.
The recharge area for the Manchester aquifer occupies approximately 1 square mile. Assigned local recharge rates and available spring discharge measurements imply that the delineated recharge area for the Manchester aquifer is of insufficient extent to supply the total flow of Cascade Springs. Because of the limited number of wells completed in the Fort Payne aquifer, the recharge area for the Fort Payne aquifer cannot be delineated. Additional recharge can be occurring through the Fort Payne aquifer south of the delineated recharge area for the Manchester aquifer. Additional data would be necessary to determine the Fort Payne aquifer recharge boundary.
Recent water-quality analyses of Left Cascade Spring showed low concentrations of inorganic constituents and dissolved solids, typical of ground water from the Manchester aquifer. Similar ground-water quality can result from the highly weathered intervals of the Fort Payne aquifer where ground water has been in contact with mostly insoluble aquifer materials. Two volatile organic compounds (1.3 /ig/L of 1,2-transdichloroethene and 0.2 /ig/L of trichloroethylene) were detected.
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